1. Introduction {#s0005}
===============

Newcastle Disease is a panzootic disease which affects the avian species. It is caused by Newcastle disease virus (NDV) belonging to the *Avulavirus* genus of the family *Paramyxoviridae*. It is an enveloped virus having linear, non-segmented single-stranded RNA of negative polarity [@b0005]. Based on the genome size, strains of NDV are classified into 3 groups having 15186, 15192, and 15,198 nucleotides [@b0010], [@b0015], [@b0020], [@b0025]. The genome of NDV has six transcriptional units, comprising nucleocapsid protein (N), matrix protein (M), phosphoprotein (P), fusion protein (F), haemagglutinin-neuraminidase protein (HN), and large polymerase protein (L) from 3′ to 5′ direction. The N and P, along with L, forms an RNA polymerase complex for the viral genome replication [@b0030].

Depending on the severity of the infection, NDV strains are classified into lentogenic (less virulent), mesogenic (moderate virulent), and velogenic (high virulent) [@b0035]. Furthermore, based on the tissue tropism, it can be further classified as viscerotropic velogenic, which produces lethal haemorrhagic lesions in the viscera and neurotropic velogenic that cause respiratory and neurological disorders [@b0040]. The clinical signs of the infection vary depending on the virus, host species, the age of the host, infection with other organisms, environmental stress, and immune status. The average incubation time of the virus is 15--21 days and can be transmitted easily, causing significant loss to the poultry industry [@b0045]. It can cause a substantial economic loss by reduced egg production and the death of the ailing birds. There are live, inactivated, and vectored vaccines that are available for the prevention of the disease in poultry [@b0050], [@b0055]. Among these, the traditional live vaccines such as LaSota, B1, and VG/GA strains are commonly used in the endemic areas [@b0060], [@b0065]. However, vaccine failures have been frequently reported due to the emergence of its variant strains [@b0070]. There is no available drug against NDV; the reason why the development of the antiviral drug is of prime importance.

Nitazoxanide (NTZ), also known as 2-(acetyloxy)-N-(5-nitro-2-thiazolyl) benzamide is a commercially available antiprotozoal drug which was initially developed for the cure of cryptosporidiosis and giardiasis [@b0075]. NTZ has also been classified as a broad-spectrum first-class antiviral compound against the respiratory syncytial virus, parainfluenza virus, Sendai virus, coronavirus, rotavirus, and norovirus infection [@b0080], [@b0085], [@b0090], [@b0095], [@b0100]. Additionally, NTZ has been shown to inhibit hepatitis viruses [@b0105], [@b0110], flaviviruses [@b0115], [@b0120], [@b0125], chikungunya virus [@b0130], human immunodeficiency virus [@b0135] and vaccinia virus [@b0140]. Clinical trials are under progress for the use of NTZ against influenza and its subtypes [@b0145], [@b0150]. Several mechanisms of action have been suggested for NTZ mediated viral inhibition. It can curtail influenza virus replication by inhibiting the maturation of hemagglutinin protein [@b0145]. In the Sendai virus, the active metabolite of NTZ acts as a non-competitive inhibitor of ER-resident proteins to misfold the F protein and halts its trafficking towards the plasma membrane [@b0085]. The reduction in the size of viroplasm was observed against rotavirus, which led to a decrease in the formation of dsRNA [@b0155]. As an anti-hepatitis C compound, NTZ was shown to activate protein kinase R (PKR), resulting in the phosphorylation of eukaryotic initiation factor 2α (eIF2-α) [@b0160]. NTZ blocks the replication of bovine viral diarrhoea virus by causing stress in the endoplasmic reticulum leading to depletion of ATP sensitive intracellular Ca^2+^ stores [@b0165]. However, the effect of NTZ on NDV biology has not been addressed to date. The present study reports the inhibition of NDV upon NTZ treatment on chicken fibroblast cells (DF-1), embryonated chicken eggs, and two-week old chickens.

2. Materials and methods {#s0010}
========================

2.1. Cell culture and compound {#s0015}
------------------------------

The chicken embryo fibroblast cells (DF-1) cells used in the experiments were obtained from ATCC (Manassas, VA, USA). The DF-1 cells were maintained in Dulbecco's minimum essential medium (DMEM) with 10% fetal bovine serum (FBS) (HiMedia Laboratories, India) at 37 °C with 5% CO~2~. The stock solution (10 mg/mL) of NTZ (Sigma Aldrich, USA) was made by dissolving it in dimethyl sulfoxide (DMSO). Further dilutions of NTZ for treatment were made in DMEM with 2% FBS, unless differently specified.

2.2. Cytotoxicity assay {#s0020}
-----------------------

The cytotoxicity of the compound was found by using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide formazan conversion assay, as described previously [@b0170]. DF-1 cells were seeded in a 96 well plate with a seeding density of 10^5^ cells/well prior to the experiment. Further, the cells were incubated with NTZ (0.3 μM to 100 μM) for 24 h and 48 h. The absorbance was taken at 570 nm using the microplate reader, and the percentage cell viability was calculated. DMSO was used as vehicle control.

2.3. Virus titration and infection {#s0025}
----------------------------------

The NDV strain of Bareilly (virulent), previously sequenced in our lab [@b0175], was propagated in 9-day-old specific pathogen free (SPF) embryonated chicken eggs. Recombinant NDV expressing the green fluorescent protein (rNDV-GFP) available in the lab was used to visualize the infection in the cells [@b0180]. The virus titer was calculated by hemagglutination assay (HA) with 1% chicken RBC and by plaque assay. Plaque assay was performed by infecting the DF-1 cells with NDV and incubating it at 37 °C for an hour [@b0185]. The virus containing media was discarded, and an overlay of DMEM containing 0.8% methylcellulose supplemented with 2% FBS was given. It was further incubated for nearly 72 h for the development of plaques. The cells were then fixed and stained with 1% crystal violet solution. The plaque forming units were counted, and the viral titer was calculated. For all the experiments, the virus infection was given at 0.01 MOI.

2.4. Time of addition assay {#s0030}
---------------------------

DF-1 cells were incubated with NTZ concentration of 12.5 μM prior to (pre-treatment), during (co-treatment), or after (post-treatment) virus infection. The NTZ treatment (\~12.5 µM) was given 12 h before infection in case of pre-treatment, whereas in co-treatment, the drug was given during the NDV infection for approximately 1 h. In post-treatment, NTZ was given after NDV infection for 12 h, and the media was replaced with DMEM supplemented with 2% FBS. Infection of DF-1 by rNDV-GFP was visualized using a fluorescence microscope at 24 h, 36 h, and 48 h. The infected cell culture supernatant of all the conditions mentioned above was collected every 8 h till 96 h for analyzing the growth kinetics of NDV using TCID~50~ assay. TCID~50~ was performed according to the Reed and Muench algorithm [@b0190]. Additionally, the virus was also quantified by plaque assay and compared with the controls.

2.5. Dose-dependent response of NTZ {#s0035}
-----------------------------------

Depending on the cytotoxicity, varying concentrations of NTZ were used to check the antiviral effect in DF-1 cells (3.125 μM, 6.25 μM, 12.5 μM, and 25 μM). The infection by rNDV-GFP was visualized by fluorescence microscopy at 24 h, 36 h, and 48 h post infection. The total cell lysates were collected using lysis buffer 48 h post infection along with the mock infected and NTZ controls. Protein expression was analyzed with the lysates collected using HN and N specific monoclonal antibodies (a kind gift from Dr. R Iorio, University of Massachusetts, Worcester, MA, USA). The NDV titer post NTZ treatment was quantified using a plaque assay. Additionally, TCID~50~ assay was performed with the cell culture supernatant collected every 8 h till 96 h to analyze the growth kinetics of the virus in the presence of NTZ.

The total RNA was isolated from the DF-1 cells infected with NDV using RNAiso plus reagent (Takara Bio, India) with and without NTZ treatment. cDNA was prepared using high-capacity cDNA reverse transcription kit (Thermo Fischer Scientific, USA). SYBR Green master mix (Thermo Fischer Scientific, USA) was used to quantify the gene expression levels with GAPDH as an internal control. The relative gene expression values were determined using the 2^-ΔΔCt^ method relative to mock, and each experiment was performed in triplicates. Protein lysates were collected at 24 h and 48 h post virus infection along with the mock infected and NTZ controls. The media was then discarded, and the cell lysate was collected with RIPA lysis buffer containing 1x ProteoGuard EDTA free protease inhibitor cocktail (Clontech, USA). Cell lysates were stored at −80 °C till use. The NDV protein expression was analyzed by western blotting using NDV gene specific monoclonal antibodies.

2.6. *In ovo* studies {#s0040}
---------------------

The 9-day-old SPF embryonated chicken eggs were inoculated with NDV (MOI of 0.01) and NTZ with a concentration of 12.5 μM. Four groups of eggs were used in the experiment: uninfected control, NDV control, NTZ control, and NTZ treated along with NDV inoculation. The eggs were incubated at 37 °C with regular candling until 48 h post inoculation after which the eggs were kept at 4 °C to harvest the embryo and the allantoic fluid. The titration of the virus from the allantoic fluid was done using a plaque assay, as described previously. Further, the embryos were examined for pathological lesions, which are indicative of NDV infection, and the tissue samples were collected from the embryos, which was used for virus quantification and gene expression studies.

2.7. Cytokine profiling {#s0045}
-----------------------

Differential gene expression of host cytokines viz., IL18, TLR7, TNF-α, IL-1β, NLRP3, IFN-α, and IFN-β on NTZ treatment was evaluated on DF-1 cells, PBMC, and chicken embryo tissue samples. 5x 10^5^ DF-1 cells were seeded in 6 well plates, and total RNA lysates were collected at 12 and 24 h post NTZ treatment at a final concentration of 12.5 µM. PBMC was collected by bleeding SPF chickens into tubes with EDTA; blood was carefully layered on Histopaque-1077 (Sigma-Aldrich) and centrifuged at 400 × g for 30 min. The white layer containing PBMC was collected and washed in serum free DMEM three times, and 5 × 10^7^ cells were seeded in 6 well plate. After overnight incubation, PBMC was treated with NTZ at a final concentration of 12.5 µM, and RNA lysates were collected at 12 and 24 h post-treatment. 500 mg of chicken embryo tissue was collected from the NTZ treated and mock treated groups from *in ovo* experiment 48 h post-treatment. Total RNA from all three experiments were isolated using RNAiso plus reagent (Takara Bio, India). cDNA was prepared using high capacity cDNA reverse transcription kit (Thermo Fischer Scientific, USA), and qPCR was performed using chicken specific primers to check the expression of host cytokines ([Table 1](#t0005){ref-type="table"} ). qPCR results are an average of three independent experiments. Normalization was done with the mock-treated controls. GAPDH was used as an endogenous gene expression control.Table 1Real-time primers used in the host gene expression post-NDV and/or nitazoxanide treatment.GeneForward PrimerReverse PrimerNDV NTACATCCTCYACCCCGTATGGAAGAATGCAGTAAGCCCGNDV PGGCAGAGCCAAGACAATACTCATRGGGATGGAGGATGTCNDV LATCAGGTCAGACACATTCTTCAATGTTGGCACARGACATTACIFN-αCTTCTGAAAGCTCTCGCCTCGTTGAAGGAGCAAGACIFN- βCTGCCAGCTCTCACCACCACATGCGGAGGGTGGTGATGGIL18CTGGCAGTGGAATGTACTTCGTTCACCAGGAATGTCTTTGGGTLR7TTGTGGAGATTGACTTCAGGCTCAGCAGACGTAAAGTAGCTNF-αGTCTGCTCCTAGTGGCTTTCCTACGGGTTGCTGCACATACIL1βGCTGACCCGCTTCATCTTCTACGCCCACTTAGCTTGCAGGTNLRP3GCTGCAAGGGAGGAGTATTTCATCTGTGTGGTGGTCTTAGAG

2.8. Animal study {#s0050}
-----------------

Two weeks old specific pathogen free (SPF) chickens were used for animal studies. The chickens were randomly divided into four groups, namely untreated-uninfected control, NTZ treated, virus-infected, and NTZ treated-virus infected groups. Each group consisted of three birds. The animal studies were performed at biosafety level-2 facility in Centre for Medical Biotechnology, Maharshi Dayanand University, Rohtak, India. The study was conducted following the guidelines of institutional animal ethics and biosafety committee. On day 0, the NTZ alone and with virus groups were given an intramuscular injection of 12.5 µM NTZ. On day 1, virus and virus with NTZ groups were infected with 50 µl of 1:500 dilution of 5 × 10^8^ PFU/ml NDV through the oral-nasal route. On day 4, all the birds were sacrificed, followed by the collection of trachea, lungs, and spleen for viral estimation by tissue titration. Briefly, 200 mg of each organ was triturated with an equal volume of DMEM with 10x antibiotic solution. The mixture was centrifuged at 4000 rpm for 5 min to settle down the tissue material, and the supernatant was transferred in fresh tubes. The supernatant was subjected to 10 fold serial dilutions in DMEM without serum and was applied to DF1 cells to determine TCID~50~ titer.

2.9. Statistical analysis {#s0055}
-------------------------

Experimental results were analyzed using the ANOVA for multiple comparisons (GraphPad Prism 8). All data were obtained from at least three independent experiments, and a p-value of less than 0.05 was considered significant.

3. Results {#s0060}
==========

3.1. Cytotoxicity study {#s0065}
-----------------------

The MTT assay determined the cytotoxicity of NTZ in DF-1 cells. A decrease in cell viability was observed in the concentrations higher than 50 μM ([Fig. 1](#f0005){ref-type="fig"} a). The cell toxicity was linearly related to the NTZ when treated from 25 μM to 100 μM concentrations. The IC~50~ (50% inhibitory concentration) value of NTZ was calculated as \~71.6 μM ([Fig. 1](#f0005){ref-type="fig"}b), whereas it decreased to \~63.3 μM at 48 h ([Fig. 1](#f0005){ref-type="fig"}c and d). Its toxicity was temporal and dose-dependent, as evident in the cell images visualized under bright field microscopy ([Fig. 1](#f0005){ref-type="fig"}e).Fig. 1Cytotoxicity of NTZ in DF-1 cells using MTT assay. Graph depicting the percentage cell viability after 24 h treatment with increasing concentrations of NTZ (0.3--100 µM) was plotted (a). Linear regression graph was plotted to determine the IC~50~ value of NTZ (\~71.6 μM) after 24 h (b). Graph showing the percentage cell viability after 48 h treatment with increasing concentrations of NTZ (0.3--100 µM) was plotted (c). Linear regression graph was plotted to determine the IC~50~ value of NTZ (\~63.3 μM) after 48 h (d). DF-1 cell images were taken in an inverted microscope after 24 h and 48 h treatment with NTZ (12.5 μM, 25 μM and 50 μM) (e).

3.2. Antiviral effect of NTZ {#s0070}
----------------------------

In the time of addition assay, the DF-1 cells were infected with NDV based on the schematic representation shown in [Fig. 2](#f0010){ref-type="fig"} a. To directly visualize the effect of NTZ, the rNDV-GFP was used, and a significant viral reduction in post NTZ treatment was observed as compared to the pre- and co-treatment ([Fig. 2](#f0010){ref-type="fig"}b). The antiviral effect of NTZ sustained until 48 h post NTZ treatment, whereas it was not visualized in the pre and co-treatment conditions. Growth kinetics was performed to monitor the release of NDV progeny, which showed complete inhibition of NDV post NTZ treatment until 96 h ([Fig. 2](#f0010){ref-type="fig"}c). It was observed that in other conditions of pre and co-treatment, the NDV replication in the initial time points was less but later became equal to the NDV control. The results obtained in the growth kinetics of NDV were further corroborated by plaque assay. In pre-treatment of NTZ, approximately 30% of NDV reduction was observed. The reduction of NDV in the post-treatment of NTZ was found to be 65% ([Fig. 2](#f0010){ref-type="fig"}d and e), whereas it was not significant in the co-treatment conditions. From the results obtained, it was concluded that NTZ was effective in reducing NDV when it is post-treated, and therefore, for further experiments post-treatment of NTZ was preferred.Fig. 2Time of addition assay in DF-1 cells to determine the anti-NDV effect of NTZ. Schematic representation of the time of addition assay performed (a). DF-1 cell images were taken in an inverted fluorescence microscope after infection with rNDV/GFP and pre, co and post-treatment of NTZ (b). Mock-infected DF-1 cells were used as a control. Growth kinetics of NDV was determined after pre, co and post-treatment of NTZ using TCID~50~ assay (c). NDV reduction was observed when treated with NTZ (pre, co and post-treatment) using plaque assay (d). The graph was plotted from the number of plaques observed after NDV infection and pre, co, and post-treatment of NTZ (e). Statistical significance difference was determined by using ordinary one way ANOVA (Dunnett's multiple comparisons test, GraphPad Prism 8). A p-value less than 0.01 is flagged with one star (\*\*), and less than 0.001 is flagged with three stars (\*\*\*).

The infection of DF-1 cells with the rNDV-GFP showed a reduction in a dose and time-dependent manner ([Fig. 3](#f0015){ref-type="fig"} a). A significant reduction was observed in the NTZ treated DF-1 cells at a concentration of 12.5 μM as compared to the untreated and mock infected controls. The NDV reduction, when treated with NTZ, was further confirmed by analyzing protein expression using western blotting ([Fig. 3](#f0015){ref-type="fig"}b). Furthermore, the NDV quantification by plaque assay showed a reduction of 50% as compared to the virus control upon 12.5 μM treatment of NTZ ([Fig. 3](#f0015){ref-type="fig"}c and d). A dose-dependent NTZ treatment showed a reduction of virus titer in the growth kinetics ([Fig. 3](#f0015){ref-type="fig"}e). No viral load was observed in the cells treated with NTZ at a concentration of 12.5 μM. Further experiments were carried out using EC~50~ \~12.5 μM of NTZ.Fig. 3Dose-dependent anti-NDV effect of NTZ. DF-1 cell images were taken in an inverted fluorescence microscope after infection with rNDV/GFP and post-treatment of NTZ with varying concentrations (3.125 μM, 6.25 μM, 12.5 μM and 25 μM) (a). Mock-infected DF-1 cells were used as a control. Reduction in NDV protein HN after dose-dependent treatment of NTZ was observed using western blotting (b). β-Actin was used as a loading control. NDV reduction was observed after dose-dependent treatment with NTZ using plaque assay (c). The graph was plotted from the number of plaques observed after NDV infection and dose-dependent treatment of NTZ. Statistical significance difference was determined by using ordinary one way ANOVA (Dunnett's multiple comparisons test, GraphPad Prism 8). A p-value less than 0.001 is flagged with three stars (\*\*\*) (d). Growth kinetics of NDV was determined after treatment with varying concentrations of NTZ using TCID~50~ assay (e).

3.3. Expression analysis of NDV genes upon NTZ treatment {#s0075}
--------------------------------------------------------

The treatment of NTZ showed \~700-fold downregulation of N gene of NDV as compared to the untreated control at 48 h post-treatment ([Fig. 4](#f0020){ref-type="fig"} ). The analysis of P and L genes of NDV post-NTZ treatment at different time intervals showed a significant reduction as compared to untreated DF-1 cells ([Fig. 4](#f0020){ref-type="fig"}). The mock infected DF-1 cells were used as a baseline control for all the experiments.Fig. 4Reduction of NDV gene expression after treatment with NTZ *in vitro*. A comparison of the expression of NDV non-structural genes (N, P, and L) was done using real-time PCR. Graph depicting the fold change in NDV gene expression in the presence and absence of NTZ at different time points (24, 48, 72, and 96 h) was plotted. Normalization was done with mock-infected cells. GAPDH was used as an endogenous gene expression control. Statistical significance difference was determined by using two way ANOVA (Sidak's multiple comparisons test, GraphPad Prism 8). A p-value less than 0.001 is flagged with three stars (\*\*\*). Bars that are not flagged are not significant.

3.4. *In ovo* experiment {#s0080}
------------------------

The 9-day-old embryo showed lesions after infection with NDV; however, the treatment of NTZ after virus infection did not show any visible lesion of infection ([Fig. 5](#f0025){ref-type="fig"} a). NDV quantification of the allantoic fluid and tissue sample by plaque assay showed a 1.5-fold reduction in its titer upon NTZ treatment ([Fig. 5](#f0025){ref-type="fig"}b and c). Similarly, an about 2-fold reduction in the kinetics of NDV was observed in the tissue isolated from the NTZ treated embryo ([Fig. 5](#f0025){ref-type="fig"}c).Fig. 5*In ovo* experiment showing the anti-NDV effect of NTZ. Nine-day-old embryos after 48 h of NDV infection in the presence and absence of NTZ (\~12.5 μM) was observed (a). Visible gross lesions indicated NDV infection. Quantification of NDV from the allantoic fluid and the tissue collected from the embryos using plaque assay (b). The graph was plotted from the number of plaques observed from the allantoic fluid and the tissue collected from the embryos (c).

3.5. Cytokine profiling {#s0085}
-----------------------

NTZ treated DF-1 cells showed upregulation in mRNA levels of all the cytokines studied ([Fig. 6](#f0030){ref-type="fig"} a). Except for IL-1β, a significant increase in mRNA level of cytokines studied was observed upto 24 h post-NTZ treatment. In chicken PBMC, it was observed that the expression level of all the cytokines studied was significantly upregulated until 24 h post-NTZ treatment ([Fig. 6](#f0030){ref-type="fig"}b)**.** IFN-α, IFN-β, NLRP3, and IL-1β showed maximum upregulation upon NTZ treatment as compared to others. The tissue sample collected from chicken embryo treated with NTZ was analyzed for various cellular cytokines 48 h post-treatment ([Fig. 6](#f0030){ref-type="fig"}c). The cytokine gene expression analysis showed upregulation of IL18, TLR7, TNF-α, IL-1β NLRP3, IFN-α, and IFN-β, upon NTZ treatment, as compared to the control. Maximum regulation was observed in TLR7 and TNF-α, while the minimum was observed in IL-1β and NLRP3. All the observed changes were found to be significant.Fig. 6Cytokine expression profiling (IL18, TLR7, TNF-α, IL-1β, NLRP3, IFN-α, and IFN-β) of DF-1, PBMC and chicken embryo tissue treated with NTZ was performed using qPCR (a, b, c). Normalization was done with the mock-treated controls. GAPDH was used as an endogenous gene expression control. Statistical significance difference was determined by using two way ANOVA (Tukey's multiple comparisons test, GraphPad Prism 8). A p-value less than 0.05 is flagged with one star (\*), less than 0.01 is flagged with two stars (\*\*), and less than 0.001 is flagged with three stars (\*\*\*). Bars that are not flagged are not significant.

3.6. Animal study {#s0090}
-----------------

Replication of the virus was observed in the trachea and lungs, whereas no virus was found in the spleen for virus control group **(** [Fig. 7](#f0035){ref-type="fig"} ). The pre-treatment group showed a complete reduction of the virus in all the three organs studied. Co and post-treatment groups showed no virus in the lungs and 1-log reduction of the virus in the trachea as compared to virus control. NTZ treated groups had no gross pathological lesions on organs.Fig. 7*In vivo* experiment showing the anti-NDV effect of NTZ. NDV viral titer in trachea, lung, and spleen in six different groups of chicken, namely, mock treated control group, NTZ only treated group, virus alone infected group, Pre-treatment NTZ with virus infected group, Co-treatment NTZ with virus infected group, and Post-treatment NTZ with virus infected group. All the birds were harvested 72 h post virus infection, and various tissues were collected, triturated and subjected to TCID~50~ assay. Statistical significance difference was determined by using two way ANOVA (Tukey's multiple comparisons test, GraphPad Prism 8). A p-value less than 0.001 is flagged with three star (\*\*\*).

4. Discussion {#s0095}
=============

Newcastle disease is an economically important disease, causing substantial loss to the poultry industry. The recommended strategy for the prevention of the disease is by using killed or live attenuated vaccines. Vaccination failure is a common problem and has been reported from places where the velogenic strains of NDV are endemic [@b0050], [@b0195], [@b0200]. An alternative to this problem is the use of antiviral drugs against NDV, which is not commercially available. NTZ is a licensed drug for the treatment of diarrhoea induced by *Cryptosporidium parvum* and *Giardia intestinalis* [@b0075], [@b0205]. NTZ has also been used as a broad-spectrum antiviral drug [@b0080], [@b0210]. The present study is an attempt to repurpose NTZ as an antiviral against NDV infection. The IC~50~ value of NTZ in the chicken fibroblast cells was found to be \~60 μM in 48 h. The cytotoxic concentration that reduced the exponential growth in baby hamster kidney (BHK-21) cells was earlier reported as 18.59 μg/ml (60.4 μM) [@b0120], which is as per the IC~50~ value reported in our study.

We performed the time of addition assay to identify the stage of NDV replication affected by NTZ. The minimal reduction was observed in the pre-treatment of NTZ, as observed in the rNDV-GFP infected cells. No reduction was observed in the co-treatment, while the most significant reduction was visible in the post-treatment of NTZ. Our results were similar to the results reported earlier [@b0085], [@b0145], [@b0215]. It was concluded that the drug does not directly affect the virus binding or entry into target cells.

In previous reports, concentration ranging from 3 to 25 μM was used to show the antiviral activity of NTZ [@b0130], [@b0165]. A peak concentration of up to 200 μM has been detected in the blood plasma of humans after the oral dosage of NTZ (4 g) and is safe [@b0220]. In order to minimize the cytotoxic effect of NTZ, concentrations ranging from 3.125 to 25 μM was chosen for checking it's effect against NDV. Our study showed a reduction of NDV by two-fold at NTZ concentration of 12.5 μM, suggesting that the drug is significantly effective far below the calculated IC~50~ value, which further suggests the efficacy of NTZ as anti-NDV.

The expression of NDV non-structural genes (N, P, and L), which make up the polymerase complex, was analyzed in our study. The significant reduction in the viral genes further confirmed the blocking of viral replication. Effect of NTZ against rubella virus replication has been previously reported showing the reduction of RNA transcription of viral genes [@b0215]. We found a reduction in the expression of viral genes in accordance with the earlier report; however, further experimentation is required to understand whether NTZ blocks the transcription of mRNA or whether the reduced gene expression is due to lower infectivity. Our data suggested a decrease in viral structural and non-structural proteins post-NTZ treatment, which could perhaps have perturbed the effective assembly of the NDV virion in the cytoplasm. Earlier reports suggested inhibition of enveloped viruses by downregulating the structural and non-structural proteins [@b0120], [@b0210]. However, we did not get an appreciated protein level post 24 h of NDV infection, which could be due to a lesser viral protein that falls below the detection threshold.

We also wanted to explore other possible mechanisms. NTZ has been reported to stimulate innate immunity and reduce HIV replication [@b0225]. Our results showed significant up-regulation in TLR7 and type I interferons, along with few other cytokines such as IL18 and IL-1β. Out of all reported TLRs in birds, TLR7 has been reported to reduce the avian influenza replication [@b0230]. TLR7, which induces the type I interferon production, might play a role in reducing the NDV infection [@b0235]. Type I interferons and pro-inflammatory cytokines are shown to modulate virus replication [@b0240]. Our results showed significant upregulation of pro-inflammatory genes such as IL-1β, NLRP3, and IL18 at the transcription level. Furthermore, NTZ treatment upregulated type I interferons suggesting that the innate immune modulation could help effectively to clear the NDV from the host. However, the effect could be appreciated only at the level of transcription due to the unavailability of chicken specific antibodies. A significant reduction of the virus in NTZ treated groups was observed as compared to non-treated infected birds. The pre-treatment group was found to be the most effective NTZ treated group. Decreased viral replication in the trachea and lungs indicates that NTZ is more effective by enhancing the immune system for the rapid clearance of the virus. Spleen did not show any virus even in the virus control group suggesting that the virus spreads only in trachea and lungs.

Repurposing of the drug as an antiviral has been less explored and neglected to a large extent. The present study demonstrates that NTZ can be repurposed as an antiviral against NDV infection. The possible mechanisms in which the drug acts might be through the stimulation of cytokines. The results presented in the current work is a step towards understanding the drug induced modulation of host immune response, which could be explored to design effective therapeutics against NDV infection in chicken. Although, there might be several other ways by which NTZ could modulate the host system to curtail viral infectivity. Perhaps in a limited way, the study will benefit to use NTZ as an antiviral for other poultry pathogens.
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